Tensile properties of quenched and tempered martensitic alloys EP-823, HT-9, and 422 were evaluated at temperatures ranging from ambient to 600°C as a function of three different tempering times. The results indicated that the yield strength, ultimate tensile strength, and the failure strength were gradually reduced with increasing temperature. The ductility parameters were enhanced at elevated temperatures due to increased plastic flow. However, the tempering time did not significantly influence these properties. The evaluation of the fracture surfaces by scanning electron microscopy revealed reduced cracking and dimpled microstructures, indicating enhanced ductility at higher testing temperatures.
Introduction
The disposal of nuclear waste poses a severe challenge to all nuclear power-generating nations. Significant efforts are ongoing to dispose of high-level radioactive waste (HLW) and spent nuclear fuel (SNF) in a geologic repository located at the Yucca Mountain site near Las Vegas, Nevada. Because these HLWs and SNFs have long half-lives, they will need to be stored for an unusually long time inside the proposed repository. In view of this rationale, significant attention is currently being focused on reducing the half-life and radioactivity of these nuclear fuels by a process known as transmutation. This process involves bombarding a target material such as the molten lead-bismuth-eutectic (LBE) using protons generated by an accelerator or a reactor, thereby producing neutrons. These neutrons are then impinged upon the HLW and SNF at a very high speed, thus transforming long-lived isotopes into species with relatively short half-lives and reduced radioactivity through the capture and decay of minor actinides and fission products. This reduction in half-life and radioactivity may enable the disposal of HLW and SNF for shorter durations in the proposed repository.
During the transmutation process, a significant amount of heat can be generated in the molten LBE target material, which will be contained in a subsystem structural container made of a suitable martensitic iron-chromium-molybdenum (Fe-Cr-Mo) stainless steels, such as EP-823, HT-9, and 422. The selection of these materials is based on their excellent resistance to void swelling under irradiation, irradiation creep properties, and low coefficient of thermal expansion (Ref 1, 2) . These materials will be subjected to high tensile stresses while they are in contact with the LBE at temperatures ranging between 400 and 600°C. Therefore, a research program was initiated to evaluate the deformation characteristics of all three alloys in properly heat-treated conditions at temperatures relevant to the operating environment. This article presents the results of tensile testing of all three materials at temperatures ranging from ambient to 600°C in the presence of nitrogen. The results of metallographic and fractographic evaluations are also presented.
Experimental
Experimental heats of EP-823, HT-9, and 422 stainless steels were vacuum-induction-melted, then forged and hot rolled. Subsequently, the hot-rolled bars were thermally treated to produce a fully tempered and fine-grained martensitic microstructure without any retained austenite. They were austenitized at 1850°F, oil-quenched, and tempered at 1150°F, then underwent air-cooling. The tempering operation was performed on the EP-823, HT-9, and 422 stainless steels for 1.25, 1.75, and 2.25 h, respectively, to study the effect of tempering time on the tensile properties. The hardness of all materials, before and after tempering, was measured using the Rockwell hardness scale. The chemical compositions of all three materials are given in Table 1 . Compared to the other two martensitic stainless steels, EP-823 had a lower C content, but a higher Si content. This is a Russian-grade alloy that was specifically designed for nuclear applications. All three alloys contained Ni, V, and W.
Smooth cylindrical specimens, 100 mm in length, and with a 25 mm gage length and 6.35 mm gage diameter, were machined from the heat-treated round bars in such a way that the gage section was parallel to the longitudinal rolling direction. The tensile properties were determined at temperatures ranging from ambient to 600°C by using a computer-controlled mechanical testing system according to ASTM standard E 8 (Ref 3). The specimens were loaded in tension at a strain rate of 10 −3 s −1
. A minimum of two specimens was tested under each condition, with the average value recorded. All elevated temperature tests were performed in the presence of nitrogen injected inside a ceramic heating chamber to prevent contamination from the surrounding atmosphere.
The metallurgical microstructures of the tested specimens were evaluated by optical microscopy. The primary fracture surface of the tensile specimens was analyzed by scanning electron microscopy (SEM) to determine the extent and morphology of failure.
Results and Discussion
The hardness (R c ) values of the three alloys for the different heat-treatment conditions are given in Table 2 . A gradual decrease in R c values was obtained with increases in tempering time. This reduction in R c values with longer tempering time may be attributed to the homogenization of the metallurgical microstructure and the minimization or elimination of internal stresses resulting from the quenching operation following the austenitization of the test materials.
Comparisons of the engineering stress-strain (s-e) diagrams at different testing temperatures using specimens quenched and tempered for 1.25 h are illustrated in Fig. 1 to 3 for EP-823, HT-9, and 422 stainless steels, respectively. An examination of these figures clearly indicates that the magnitude of the yield strength (YS), ultimate tensile strength (UTS), and failure stress ( f ) gradually decreased with increasing testing temperature. A similar trend was also observed with specimens quenched and tempered for longer durations (i.e., 1.75 and 2.25 h). It is interesting to note that the reduction in strength was more pronounced at temperatures above 400°C, suggesting that a critical temperature may exist for these martensitic stainless steels above which the plastic flow can be significantly enhanced due to the faster movement of lattice imperfections such as dislocations and voids through their grain boundaries. This type of thermally activated dislocation motion in martensitic alloys is consistent with observations made by other investigators (Ref [4] [5] [6] . Another observation of note in the samples tested above 400°C is that the uniform elongation was reduced to the point where the UTS became almost equal to the YS.
An evaluation of the s-e diagrams, shown in Fig. 1 to 3 , also reveals that the strain gradually decreased with increasing temperature in the temperature regimen of ambient to 300°C. This was followed by increased strains at temperatures beyond 300°C. Such phenomenon may be attributed to dynamic strain hardening resulting from locking of dislocations in the vicinity of grain boundaries at relatively lower temperatures, thus reducing plastic flow. Similar behavior has been reported for other martensitic alloys (Ref 4-6) .
The effect of temperature on YS, UTS, percent elongation (%El), and percent reduction in area (%RA) for EP-823, HT-9, and 422 stainless steels is shown in Tables 3 to 5 , respectively, Note: Q&T, quenched and tempered; OQ, oil-quenched; AC, air-cooled
Fig. 1 Comparison of s-e diagrams for alloy EP-823 at different test temperatures
as a function of the tempering time. These data reveal that with increasing temperature the magnitude of YS and UTS decreased, as indicated earlier. Simultaneously, the ductility in terms of %El was lower at temperatures between ambient and 300°C due to dynamic strain aging followed by a gradual increase at temperatures beyond 300°C. However, no significant effect of tempering time on these parameters was observed with any of these alloys, possibly due to the fact that the tempering times were too close together and of short duration. The data presented in Tables 3 through 5 are reproduced in Fig. 4 to 7. These figures show the effect of temperature on YS, UTS, %El, and %RA for all three alloys quenched and tempered for 1.25 h. Once again, a gradual reduction in YS and UTS with increasing temperature is illustrated in Fig. 4 and 5, respectively. The relatively lower YS and UTS (and R c values shown in Table 2 ) of EP-823 stainless steel under ambient conditions may be attributed to its relatively lower C content and thus, the reduced density of carbides (M 23 C 6 type) compared with that in HT-9 and 422 stainless steels. It is also interesting to note that both the YS and UTS of 422 stainless steel under ambient conditions were somewhat higher than those of HT-9 stainless steel. The higher strength of 422 stainless steel may be due to the presence of a higher Cr + Ni content (13.15 versus 12.81), thus enhancing solid-solution strengthening (Ref 7) .
A comparison of ductility in terms of %El (shown in Fig. 6 ) revealed a slight decrease because the temperature increased from ambient to 300°C, followed by a gradual increase as the temperature increased from 300°C. With respect to %RA, an insignificant variation was observed in the temperature range of ambient to 300°C, once again followed by a gradual increase with increasing temperature (shown in Fig. 7) . Thus, the Fig. 8 , and show a fine-grained, tempered, martensitic microstructure. It is interesting to note that the difference in tempering time did not influence the resultant microstructure of EP-823 stainless steel, possibly due to the narrow range of tempering times. Similar microstructural characteristics were observed with HT-9 and 422 stainless steels. The results of the SEM study of the primary fracture surface of the HT-9 stainless steel at different temperatures are illustrated in Fig. 9 to 12. An examination of these micrographs revealed a large number of cracks with little or no plasticity that developed at room temperature and 100°C. However, plasticity, characterized by reduced cracking and dimpled microstructures, was observed at higher test temperatures, indicating improved ductility. Once again, the tempering time did not influence the mode of failure in any tested materials.
Summary and Conclusions
The tensile properties of martensitic stainless steels EP-823, HT-9, and 422 were evaluated at ambient and elevated temperatures in the presence of nitrogen. Metallographic and fractographic evaluations of the alloys were performed using optical microscopy and SEM. The significant conclusions derived from this investigation are summarized below.
• The R c values of all three austenitized and quenched alloys decreased with tempering time.
• The magnitude of YS, UTS, and f decreased with increasing temperature, and showed significant decreases at temperatures above 400°C.
• The extent of ductility in terms of %El decreased to a minimum in the temperature range of ambient to 300°C due to dynamic strain hardening. Beyond 300°C, the %El gradually increased due to increased plastic flow.
• The morphology of failure was characterized by increased plastic deformation at elevated temperatures. Reduced cracking and dimpled microstructures were observed on the fracture surfaces.
• The tempering time did not influence the microstructure and the resultant tensile properties to any great extent, possibly due to the short and narrow range in tempering time. 
